examples has depended on prior knowledge of rock properties from petroleum exploration. Since heat 11 is inherently a less valuable commodity than oil or natural gas, it is more problematic whether a project 12 of this type could be implemented on a commercial basis in a region that has not previously been 13 documented in detail for this reason, such as most of the onshore UK, since the cost of the necessary 14 site-dependent research might never be recoverable from the value of the heat that could be 15 produced (cf. King et al., 2015) . For both these reasons, the UK will benefit from any alternative 16 approach to geothermal development that is uncontroversial and straightforward to implement 'off 17 the shelf', without detailed site-dependent investigation.
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The term Deep Geothermal Single Well (DGSW) denotes any geothermal project design that utilizes a 20 single borehole (rather than a doublet), and which extends into the 'deep geothermal' regime, which 21 under current UK regulations means depth >500 m (e.g., AECOM, 2013); many possible variants exist, 22 including both open-and closed-loop designs (Table 1; Figs. 1, 2, 3). Some of these variants extract 23 heat by conduction from the rocks around any borehole ( Fig. 3 ; see, also, below), making them 24 potentially straightforward to implement (since they do not depend on knowledge of hydraulic 25 transport properties); furthermore, no 'well stimulation', such as hydraulic fracturing, is necessary. 26 This technology is thus potentially suitable for providing 'off the shelf' geothermal heat sources in the 27 UK, provided it can achieve an economic return. In the UK, heat output from a DGSW is eligible, in 28 principle, for RHI subsidy; this is currently (February 2017) £0.0514 kWh overestimation of outputs of useable heat and underestimation of system operating costs and impacts 32 of uncertainty in knowledge of rock properties at depth and regulatory issues. The present study seeks 33 to focus discussion on the variant of this technology (the hcDGSW; Table 1 and Fig. 2(b) ) that is shown 34 to offer the greatest potential under present UK economic and regulatory conditions; the analysis 35 might also be useful in other jurisdictions. This investigation concentrates on underlying principles; 36 practical details, such as designs of components (e.g., pumps and heat exchangers) and wall 37 thicknesses of pipework (to handle the imposed fluid pressures and maintain the necessary thermal 38 insulation) are beyond the scope of the present study (see, borehole heat exchanger designs and heat loads should be matched, making it essential to consider 4 both in combination, rather than either in isolation, to achieve optimal solutions; this is shown in the 5 present study to also be so for deep borehole systems. In the absence of any established method, this 6 study will present an analytic approach for modelling both subsurface installations and heat loads for 7 deep DGSW installations, those aspects of the underlying physics that appear most important to the 8 author being included. Such an analytic approach incorporates exact solutions for particular aspects 9 of this coupled problem, which approximate the conditions that can be anticipated during the 10 operation of real DGSW installations. This approach might be useful for validating future numerical 11 solutions, but the immediate aim is to permit first-order assessments of recent DGSW investigations 12 in the UK (e.g., Law et al., 2015, 2016; Collins and Law, 2017), for which high heat outputs have been 13
reported. The existing literature on shallow systems (e.g., Rees et al., 2004; Banks, 2012) indicates that 14 the useable heat output increases with borehole depth, so higher values are expected for increasing 15 borehole depth, but the manner in which heat output scales with borehole depth has not hitherto 16 been established. Law et al. (2015, 2016) and Collins and Law (2017) have reported results of 17 numerical analyses that quantify the rates of heat production that they consider feasible for particular 18 borehole depths and bottom hole temperatures, but the software used has not been published, no 19 validation against analytical calculations has been reported, nor any indication of how heat production 20 depends on site conditions in general, or how much of the heat produced can provide output of 21 useable heat, bearing in mind that most designs involve reinjection of water and the heat it contains. 22 23 The Southampton geothermal project in southern England, dating from the early 1980s, was the first 24 to produce hot water from a deep borehole, discharging the cooled water into the environment, 25 rather than reinjecting it (e.g., Barker, 1986). As many authors (e.g., Downing et al., 1984; Downing, 26 1986 ; Barker et al., 2010) have discussed, the Southampton-1 borehole reaches permeable Triassic 27 sandstone at 76 °C at 1827 m depth. Well-testing established that this aquifer would be unlikely to 28 sustain the high flow rates originally envisaged, which would have provided several megawatts of heat 29 output using a conventional well doublet. It was therefore decided to develop this single borehole as 30 a heat source (wellhead temperature 74 °C) for district heating, discharging the produced water into 31 the sea. In its original form (here designated as wDGSW; Fig. 1 (a)) this project had a useable heat 32 output of ~1.15 MW (Barker et al., 2010) . It was modified in 1991 with the addition of a heat pump 33 (to the hwDGSW configuration in Fig. 1(b) ); by reducing the temperature at which the produced water 34 is rejected to the environment, this increased the output of useable heat to ~2.2 MW (Barker et al., 35 2010), the flow rate required for this being ~7.5 l s -1 . 36 37
Although the Southampton-1 produced water is not treated, in general in the UK treatment of 38 produced water from deep geothermal projects will be necessary before discharge into the 39 environment (e.g., Atkins, 2013 Ra activity of up to 100 Bq l -1 for this purpose, although 45 in water produced as a by-product of hydrocarbon production any concentration above 1 Bq l -1 would 46 require treatment. Edmunds (1986) also reported the concentration of iron in this water as 4.1 mg l -1 .
47
For each chemical contaminant, such as this, the regulatory requirement is for concentration in the 48 water body receiving the discharge to not exceed a specified limit, which for iron is 1 mg l -1 (e.g., 49
DEFRA, 2014). Since the Southampton discharge is into the sea, the dissolved iron is evidently diluted 50 sufficiently for compliance. However, the present regulatory presumption is that no additionaldischarge should adversely affect any water body, which effectively means that concentrations in the 1 discharge should not exceed the regulatory limit for the water body. Thus, as Atkins (2013) noted, 2 'discharge to surface without treatment is unlikely to be a viable option' for future DGSW systems in 3 the UK. The UK has a widespread legacy of mining, which has caused many discharges of groundwater 4 that do not comply with present environmental standards and so now require treatment (e.g., 5 Younger et al., 2005). As Johnston et al. (2008) have explained, this situation arose as a consequence 6 of an ambiguous legal framework concerning responsibility for historical discharges, which was 7 rectified for future discharges by a change to the law in 1999. This situation thus provides no 8 precedent for tolerating untreated discharges from future DGSW systems (see, also, Atkins, 2013, and 9
Abesser et al., 2014); indeed, knowledge of mine water treatment costs can inform discussion of 10 potential treatment costs for water discharged from these systems (see below). 11 12 Heat might also be extracted by conduction from the rocks surrounding a borehole heat exchanger, 13 containing a closed loop of heat transfer fluid, a variant of the technology (depicted schematically in 14 Fig. 2(a) ) designated here as a conductive DGSW or cDGSW. As far as can be established, this idea was 15 first proposed by Lockett (1986) . This author reported that circulation of 'special fluids' within a 16 borehole in rocks at a temperature of 150 °C might produce sufficient heat for electricity generation 17 at 2.5 MW, a claim that was unsupported by calculations and seems exaggerated (cf. study sets out to address these issues. It will, first, present a quantitative evaluation, using analytical 6 calculations, of the potential output of a hcDGSW (Fig. 2(b) ) relative to a cDGSW ( Fig. 2(a) ). Second, 7 two key issues affecting the viability of the alternative dDGSW variant, the low hydraulic conductivity 8 of many lithologies and the potential cost of produced water treatment, will be discussed. Third, the 9 analytical model for a hcDGSW, the technology variant shown to have the most potential, will be used 10 to develop an economic model for assessing effectiveness in terms of both cost and greenhouse gas 11 emissions. Finally, the cDGSW/hcDGSW conceptual model by Law et al. (2015) and some individual 12 DGSW projects will be discussed in the light of the preceding analyses. has the upward flow in a central pipe within the well, with the downward flow in the surrounding 25 annulus ( Fig. 2(a) ). During its downward flow the circulating fluid absorbs heat from the surrounding 26 rocks; during its upward flow, which might be much faster if the pipe is much narrower than the 27 annulus, it is assumed (for calculation purposes) that the fluid maintains temperature To. In principle, 28 a cDGSW (and, indeed, any other variant of DGSW) might operate intermittently, possibly delivering 29 heat on diurnal or seasonal cycles. However, since the thermal processes involved are governed by 30 linear equations, after many such cycles the thermal state around a DGSW will be indistinguishable 31 from that which would exist had it been operated to produce heat at a constant rate equal to the 32 time-averaged rate for the actual pattern. The development of theory will therefore assume heat 33 production at a constant rate. 34 35 Law et al. (2014) showed by field testing that in such a configuration the downward flow maintains 36 roughly constant temperature TD until it reaches a depth zL where the initial temperature of the 37 surrounding rock TL equals TD. Thus, between the Earth's surface and depth zL the return flow heats 38 this surrounding rock, and therefore only between zL and the well bottom at depth zM is heat extracted 39 from the surrounding rock. This turns out to be a significant limitation of the cDGSW concept (see 40 below). To facilitate the analysis, the ratio zL / zM is designated as f; the proportion of the borehole 41 that acts as a heat source is thus 1-f. 42 43
The general equation governing heat flow in cylindrical polar co-ordinates is 44 where T is temperature, t is time, and k are the thermal diffusivity and conductivity of the rock 48 around a borehole, and r,  and z are radial distance (from the axis of a borehole), azimuth, and depth. 49
The solutions assume no azimuthal dependence, also that the abrupt radial temperature gradients(T/r) that can be expected beyond the borehole radius a are much greater than the vertical 1 geothermal gradient, so the latter is neglected. Equation (1) can thus be simplified to 2
Starting at time t=0, when radial temperature gradients first develop, heat is assumed to flow inward 6
across the boundary at r=a at a steady rate , per unit surface area of the borehole, or at rate  per 7 unit depth, where  = 2  a 2  a being the circumference of the borehole). The resulting net heat 8 production is the sum of all these contributions across the depth range from zL to zM. Equation (2) has 9 been solved subject to these boundary conditions by many workers (e.g., Carslaw and Jaeger, 1959, 10 pp. 338-341 
where T is the temperature change from the initial conditions and C  exp(),  being Euler's constant 19 (~0.57722….). For t>>r 2 /, this solution can be approximated further and rewritten in terms of  as 20
Furthermore, if  is assumed to be zero at depth zL and to increase linearly to a maximum value M at 24 depth zM, then 25
T will thus be proportional to depth beneath zL. The temperature of the water produced from the 29 borehole, TO, will therefore equal the initial temperature TM at depth zM, minus T calculated using 30 equation (4) for r=a and z=zM so =M. It follows that the rock at r=a at all depths zLzzM will cool to 31 the same limiting temperature in the limit of t. This clearly approximates reality, as it implies a 32 step change in T at depth zM; the importance of this approximation is addressed below. 33 34
To summarize the underlying physics, the heat production from the borehole, at rate Q, occurs as a 35 result of the warming of the circulating fluid as it flows downward, absorbing heat through the outer 36 wall of the borehole heat exchanger. This fluid then flows upward along the inner pipe of the heat 37 exchanger, maintaining the same flow rate qC as no 'bleed flow' into the borehole is assumed. For 38 plausible operational modes of cDGSW or hcDGSW installations, the upward flow along this inner pipe 39 (of internal diameter D) will be turbulent (see below), so will approximate a uniform velocity profile 40 V; qC can thus be approximated as  V D 2 / 4. If the circulating fluid is injected at temperature TD and 41 produced at temperature TO, the rate of heat production will balance the rate of heat gain by the 42 circulating fluid; thus 43 44 Q =  c (TO -TD) qC , 45  46 where  and c are the density and specific heat capacity of this fluid. The value of qC that is required 47 for a given cDGSW or hcDGSW installation to operate at a given rate of heat production Q is calculated 48 by rearranging equation (6) , thus 49
Since TO will decrease over time (as in Fig. 4) , operational modes at constant Q require progressive 4 increases in qC over time, given that , c and TD are assumed to remain constant. 5 6 The workflow for present modelling approach involves specifying zM, a, and D for the borehole, TS, TM, 7 k, and  for the surrounding rock volume,  and c for the circulating fluid, and TD from the 8 characteristics of the surface heat exchanger installation. For each candidate rate of heat production 9 Q, TO is calculated for a succession of times t using equations (4) and (5), with the corresponding value 10 of qC determined using equation (7). This differs, for example, from the numerical modelling approach 11 used by Alimonti and Soldo (2016), for which constant qC is specified and Q, at rates that decrease 12 progressively over time, calculated from it. The present solution nonetheless incorporates the 13 essential physics governing the energy balance for a cDGSW, whereby the heat produced in the flow 14 through a borehole heat exchanger is equal to the heat lost by conduction from the surrounding rock 15
volume As time progresses, the volume of rock cooled thus gradually widens, but equation (8) means that the 32 induced radial geothermal gradient increases inward, so the temperature gradient around the 33 borehole will draw heat in from farther out (Fig. 5) . Thus, although the borehole becomes surrounded 34 by an ever-widening volume of cooled rock, this radial geothermal gradient will always direct heat 35 inwards towards it. Nonetheless, the operational lifespan of a cDGSW, the time over which it can 36 produce heat before the temperature at r=a cools below any value that is useful, turns out to be very 37 sensitive to choices of parameter values (see below). It is also noteworthy that although Q is the rate 38 of heat production from the borehole, it will only equal the rate of heat output to the load if f=0, i.e., 39 if the reinjection temperature TD equals the ambient surface temperature TS. Otherwise, only a 40 proportion f, equal to (To-TL) / (To-TS) of Q will be output to the load and the remainder will be 41 reinjected, contributing (as already noted) to heating the rock volume at z<zL. Thus, as the rock volume 42 at z>zL gradually cools, To will eventually (at time tL) decrease to TL, at which point the DGSW will cease 43 to deliver any useable heat output, effectively ending its useful life. At this point T(zM)=TL-TM; 44 substituting this condition into equation (4) and using equation (5), followed by other algebraic steps 45 including recognizing that TM-TL = (1-f) (TM-TS) and that TM-TS = u zM, where u is the geothermal 46 gradient, gives 47 C a
The exponential term in equation (9) means that tL, thus calculated, is indeed very sensitive to choices 1 of parameter values, as is illustrated in Fig. 6 . 2 3
The algebraic threshold of validity of the above 'long-timescale' solutions, at t=r 2 /, corresponds to 4 quite short timescales when r is small; for example, at r=a=0.1 m and with =1 mm 2 s -1 it is 10000 s or 5 circa 2 hours 47 minutes. This solution is therefore applicable near the borehole on all timescales 6 relevant to cDGSW operation. On the other hand, the use of equation (4) to determine the radius rC 7 of this cooling effect, is more problematic. Equation (4) implies that T=0 when r=rC, thus
Plots of the function described by equation (4) indeed show that as r approaches rC the value of T/r 12 is significant (Fig. 5) , so T/r has a discontinuity at r=rC which has no physical basis. The higher-order 13 approximation in equation (3) 
The estimate of rC from equation (12) A further complicating factor is that in addition to the radial cooling at zzM, cDGSW operation will 43 cool the rock volume at depth z>zM, which will add to the heat produced. An approximate correction 44 will now be derived for this effect, in which it is assumed that this downward cooling effect extends 45 over a depth range rC below the well bottom at depth zM, with its radius rE and the associated 46 temperature perturbation tapering linearly from rC and T at depth zM to zero at depth zM+rC. Vertical 47 position w within this cooled zone is measured upwards from zero at z=zM+rC. Figure 4 illustrates the predicted variation in output temperature for a cDGSW, for its first ten years 7 of operation at a range of constant heat production rates. Over this timescale, the radius of the 8 cylindrical rock volume cooled by the operation of the DGSW (Fig. 5) is so small that the 9 aforementioned corrections for heat flow and for cooling at greater depths have no significant effect. 10 Figure 4 thus illustrates a progressive decline in output temperature as the rock volume around the 11 cDGSW progressively cools, the decrease on a given timescale being proportional to the heat 12 production, as is to be expected from the linear governing equation (equation (2)). is reinjected at a temperature above the value TS at the Earth's surface (i.e., f>0), the duration over 22 which a given rate of heat production can be maintained is significantly reduced. This means that the 23 performance of any such installation cannot be analysed in isolation, but must be considered in 24 conjunction with the manner in which the heat output is used. The optimum situation is to reinject 25 fluid at TS (i.e., f=0). However, since any real heat load will operate at a temperature TE significantly 26 above TS, reinjection at f=0 will require use of a heat pump (interfacing between the borehole 27 circulation loop and the heat load) to lower the temperature of the fluid circulating back into the 28 borehole below TE, ideally to TS. This is the essential reason why the hcDGSW configuration ( Fig. 2(b) ) 29 is preferable to the simpler cDGSW variant ( Fig. 2(a) ). It has previously been noted (e.g., Collins and 30
Law, 2017) that DGSW heat outputs should be interfaced through heat pumps, but the essential 31 underlying physical reason has not previously been explained. The cost of the electricity required for 32 powering the heat pump therefore needs to be factored into any economic analysis (see below). The 33 electrical energy thus used will be converted to heat, contributing to the heat output supplied to the 34 load, also influencing the analysis. 35 36 Table 2 illustrates in more detail the performance issues that arise when the heat output from a 37 cDGSW supplies a heat load at a temperature TE that significantly exceeds the surface temperature TS 38 (i.e., f>0), for various values of zM and TM. Heat production from the cDGSW is thus assumed to occur 39 at rate Q, supplying a heat exchanger operating at a constant temperature TE=30 °C, with no heat 40 pump. In all cases, the output temperature To from the cDGSW decreases over time at a rate that is 41 sensitive to Q. The proportion of the heat production that forms useable heat output, QU, is estimated 42 as Q  (To-TE)/(To-TS) and thus becomes ever smaller as To decreases, even though Q is assumed 43 constant. These results indicate that optimal cDGSW operation is quite sensitive; if Q is too high 44 relative to zM and TM the cDGSW will cool so quickly that QU is limited, whereas if Q is too low QU will 45 likewise be minimal. For a model cDGSW with zM=2500 m and TM=90 °C, with TE=30 °C, the optimum 46 value of Q to maximise the useable heat output over 5 years turns out to be ~160 kW, decreasing to 47 ~140 kW if the timescale is set to 20 years. This model cDGSW might thus produce a steady output of 48 useable heat over 20 years of ~70 kW or thereabouts, by initially operating at Q ~80 kW then gradually 49 increasing Q to ~140 kW as the surrounding rock volume cools. included, these figures would rise to ~£1.86M, £1.00M and ~£0.43M. The capital costs of these 7 projects might be estimated, respectively, as ~£2.9M, ~£2.3M and ~£1.8M (see below). It is thus 8 apparent (even before any estimation of operating costs) that such projects have no chance of being 9 cost-effective under current UK conditions. The calculations nonetheless exemplify that (over the 10 depth range considered) deeper cDGSW boreholes would be less uneconomic than shallower ones, 11 the increase in output of useable heat outweighing the corresponding increase in drilling costs, an 12 effect that is explored further later in this study. 13 14 A further point evident from Fig. 6 is that a small increase in the rate of heat production from a cDGSW 15 or hcDGSW can dramatically shorten its lifespan. This indicates that careful design, taking account of 16 the local geothermal gradient and other site-specific parameters, is essential. Assuming a given 17 borehole depth zM, rate of heat production Q, and value of f, from equation (9) As already discussed, the alternative dDGSW variant ( Fig. 3(a) ) involves production of thermal ground 46 water to enhance the heat output that is feasible from conduction alone. Law et al. (2015) have indeed 47
suggested that heat production might be supplemented in this manner; for example, 'bleed flow' at 48 rate qB=2 l s -1 at 50 °C above TD would generate heat output of 210 -3 m 3 s -1  c    50 °C (where 49 c=4186 kg m -3 and =1000 kg m -3 are the specific heat capacity and density of water; cf. equation (6)) 50 or ~400 kW. Law et al. (2015) stated that qB=2 l s -1 'could be achieved from almost any geological 51 formation'. In the light of this, the hydraulic conductivity of relevant rock formations will now be 1 discussed, along with the handling of the water produced from dDGSW projects, which might include 2 treatment costs. 3 4 Effects of hydraulic conductivity 5
Barker (1986) investigated the transient drawdown effect of a dDGSW, demonstrating that the 6 required timescale is likely to be quite short. This topic can thus be analyzed, to place limits on the 7 'bleed flow' that might be feasible, using the standard Thiem (1906) solution for the steady-state 8 drawdown H of the phreatic surface in a confined aquifer of transmissivity TK in the vicinity of a 9 production well: 10 qB rA 11
Here, rA denotes the 'radius of influence' of the aquifer, and r is again radial distance. Law et al. (2015) 14 envisage placing an open (screened) section in the well casing of substantial vertical extent above the 15 well bottom. The maximum drawdown in this layer, at r=a, can be designated as Ho. At distance from 16 the borehole, the transmissivity of the layer in which this drawdown occurs will equal KHo, where 17 K is its hydraulic conductivity, from which it follows that the minimum value of K that can support the 18 required flow rate under steady-state conditions is 19 qB rA 20 (21)) that this threshold decreases as qB is reduced or Ho is increased. Coarse 30 sediments might well thus have sufficient hydraulic conductivity for dDGSW operation to be feasible. 31 For example, K has been reported as ~10 -5 m s -1 in Triassic sandstone from southern England (e.g., 32
Smith, 1986); the operation of the aforementioned Southampton geothermal borehole as a wDGSW 33 / hwDGSW indeed provides clear evidence of high K in such rocks. 34 35 Nonetheless, given that dDGSW projects have been proposed in granite, it is important to assess 36 whether this lithology might have sufficient hydraulic conductivity for this technology to be feasible. 37
It is indeed well known that intact granite at depth has very low K. 32 An additional factor affecting the viability of any dDGSW system, evident from previous analyses of 33 shallow systems (e.g., Rees et al., 2004) , is the increase in operating costs that will result from the 34 greater drawdown within the borehole, which will accompany increased rates of 'bleed flow', due to 35 the need for pumping to lift the circulating water through a greater height. If significant 'head lift' for 36 produced water is necessary, the electrical power requirement might be large (e.g., Younger, 2014), 37 potentially outweighing the value of the heat produced. To analyse this effect, qC and qB may be 38 designated, respectively, as the volume flow rate required to produce heat by conduction (i.e., for the 39 closed-loop circulation within a DGSW borehole heat exchanger) and the rate of bleed flow, with 40 qB/qC. It is assumed that the heat production utilizes a heat pump with coefficient of performance 41 (COP; the ratio of useable heat output to electrical energy consumed) , the heat is sold at a price PH 42 per unit of energy produced, and the electricity used to power the heat pump contributes its own 43 heating effect, then the rate of heat sale can be expressed as ×c×T×(qC+qB)×((+1)/)×PH where  44 and c are the density and specific heat capacity of the circulating water and T is its temperature 45 above ambient. The rate of expenditure on operating costs can be expressed as ×g×H×(qC+qB)×PE + 46 ×c×T×(qC+qB)×(1/)×PE where g is the acceleration due to gravity, H is the lift height or 'hydraulic 47 head' in the borehole, and PE is the cost per unit of electrical energy used. The first of these terms 48 represents the 'head lift' pumping and the second the operation of the heat pump, both these 49 processes being assumed 100% efficient. Defining PE/PC, the difference in operating surplus (or 50 deficit) between using bleed flow and omitting it from the design (thus assuming a closed loopconfiguration with H=0, and with =0) can thus be determined. terms of the costs of buying and operating the tanker lorries required, the wages for their drivers, and 28 the direct costs of the water treatment, using whichever technology is adopted at the treatment site. 29
Dahm and Chapman (2014) also described modular active treatment units, which can operate 30 automatically at drilling sites without routine operator intervention, and might (subject to 31 environmental permitting) discharge the treated water directly into the environment (e.g., into the 32 sea). The treatment cost was reported as ~0.75 per barrel or ~£3.80 per cubic metre. Each of these 33 calculations assumes continuous operation, whereas a dDGSW might be operated intermittently, at 34 times of peak heat demand. Such intermittency would result in higher unit costs for treatment of 35 produced water, because assets (e.g., tanker lorries) would only see intermittent use. 36 37
It is evident that these costs require consideration relative to the value of the heat that is produced. The preceding sections highlight several difficulties with the DGSW concept. First, dDGSW or hdDGSW 49 operation requires rocks of relatively high hydraulic conductivity at depth. Second, treatment costs 50 for the produced water will adversely impact economic viability, making dDGSW or hdDGSW 51 operation particularly problematic in granite; intact granite will have too low a hydraulic conductivity 1 and even if the granite is fractured the probability of a given section in it of vertical extent ~100-300 m 2 having sufficient transmissivity is low. Whilst one might conceivably find a suitable site for this 3 technology somewhere, it would require a substantial research (e.g., using electrical prospecting 4 techniques; cf. Beamish, 1990), thus defeating the aim of providing an 'off the shelf' technology. The 5 third issue concerns the cDGSW variant. In its simplest form, without a heat pump (Fig. 2(a) ), the COP 6 will be high; for example, Law (2014) reported that a prototype installation had a COP of ~50. 7
However, as already noted, TD for this variant will significantly exceed the ambient temperature TS so 8 f will be well above zero, limiting the useable heat output. In contrast, for the hcDGSW variant, with 9 the circulating fluid also fed through a heat pump, to reduce its reinjection temperature much closer 10 to TS (Fig. 2(b) ), significantly higher heat production can be anticipated, in accordance with earlier 11 discussion, outweighing the fact that the COP for the additional heat output supplied via the heat 12 pump will inevitably be less than that extracted via the heat exchanger (see below). On this basis, the 13 hcDGSW is the variant with the greatest potential viability. 14 15
A model is thus developed to assess the output performance and economics of a hcDGSW. The heat exchanger is presumed to cool the circulating fluid to temperature TE; the heat pump then 27 cools it further, from TE to TS, after which it is reinjected. If TO<TE then the heat exchanger is assumed 28 to be bypassed, such that TI=TO. Equation (27), for heat pump performance, was derived by Baster 29 (2011) by regression analysis using an ensemble of performance data for air source heat pumps. It is 30 used here as an approximation, in the absence of performance data for any water source heat pump 31 with the required operating characteristics. The analysis proceeds by calculating the variation of TO 32 with time for a given Q using equations (3), (4) conclusions. Figure 9 illustrates the predicted variations over time in TO for the four solutions in Fig.  22 7. Overall, these calculations indicate that, over the depth range 2-4 km, the deeper a hcDGSW 23 borehole is, the more heat it can produce on a given timescale, the value of the increased heat 24 production outweighing the increased cost of drilling. Once the twenty-year duration of the RHI subsidy has elapsed, continued heat production at what was 42 previously the economically optimum rate would no longer be economic for zM=2000 m, 2500 m, or 43 3000 m, but would be economic for ~5 years longer for zM=4000 m (Fig. 9) . A possible next phase might 44 be to re-purpose such a borehole for seasonal heat storage rather than heat production, Thus, although this technology is economic under the present subsidy regime, it has insufficient 22 capacity to make a significant difference to the present-day energy mix. 23 24
The economically optimum zM=3000 m hcDGSW solution in . If the heat were used to offset burning of natural gas (with emissions equivalent to 0.181 kg 27
CO2e per kWh according to EIA, 2016) and the electricity were again derived from the UK's current 28 generating mix, the lifetime carbon budget can be calculated. Allowing for the carbon embodied in 29 the construction of the hcDGSW (CO2e of ~110 tonnes for the drilling activities and ~240 tonnes for 30 the materials used, assuming use of well-casing made of a corrosion-resistant composite material; 31 data from GEL et al., 2016, scaled in proportion to zM=3000 m), the overall carbon budget (expressed 32 in terms of CO2e emissions) balances a saving of ~16785 tonnes against ~10422 tonnes for the 33 electricity used plus the embodied ~350 tonnes, giving a net saving of ~6013 tonnes. The overall cost 34 of the RHI subsidy would be ~£4.77M, or ~£793 per tonne of CO2e emissions saved. Calculated on the 35 same basis, the zM=4000 m solution in Fig. 7(d) and Fig. 9 would produce 151 GWh of heat and 36 consume 34.7 GWh of electricity over 20 years, achieving a net saving of ~11995 tonnes of CO2e 37 emissions in return for a RHI subsidy of ~£7.75M or ~£646 per tonne. 38 39
The above values can be compared with costs and environmental benefits of other energy supply 40 technologies (such as, micro hydro projects) or energy efficiency measures. The results indicate that 41 hcDGSW projects can be economic in a locality with a geothermal gradient as high as 32 °C km -1
. Table  42 4 lists the towns and cities in Britain where the geothermal gradient is as high as this. The urban areas 43 thus covered represent ~20% of the UK population, so the potential capacity of DGSW projects in 44 these localities might amount to ~20% of the demand for space heating or ~10% of the total energy 45 demand in the UK. Thus, although the cost per unit emission saving is much greater than for, say, 46 micro hydro, the overall potential of this technology is also much greater. 47 48
The cost per unit emission saving can be reduced significantly by operating a hcDGSW below its 49 economically optimum heat production rate. For example, for the aforementioned zM=3000 m design, 50 operation for twenty years at Q=215 kW would consume 4. The outputs of this model in cDGSW mode, for steady heat production of 50, 100, 200 and 400 kW, 4 over ten years of operation, are summarized in Fig. 4 . Thus, after ten years, TO is predicted to be ~70, 5 ~64, ~51 and ~27 °C, respectively, indicating cooling in each of these cases by ~10, ~16, ~29 and ~53 °C 6 at the bottom hole depth. The cooling on this timescale per kilowatt of heat production is thus ~0.20, 7 ~0.16, ~0.15, and ~0.13 °C kW -1 for these four configurations. Their model is therefore non-linear, 8 despite the governing equations (e.g., equation (2)) being linear, which is difficult to understand. Law 9 et al. (2015) also inferred that for Q=50 or 100 kW their model cDGSW reaches a steady state within 10 ten years, which is untenable given that heat is being produced much faster than it is being replenished 11 by conduction from surrounding parts of the subsurface rock volume; however, this behaviour can be 12 described as an 'almost steady state condition' (see earlier discussion). 13 14
Although Fig. 4 indicates that the cooling curves predicted in the present study have similar general 15 shape to those reported by Law et al. (2015), they do not match closely, and cannot be made to agree 16 for any single set of model parameters. This latter aspect is illustrated in Fig. 8 in which the present 17 analytic solutions are converted into dimensionless form, using the dimensionless variables 18 y=-4  k T / qM and x=ln(4  t / a 2 ). Transformed thus, these solutions all plot as the same straight 19 line with gradient -1 and y-intercept . However, when transformed in the same way, the Law et al. 20 (2015) solutions plot as curves, which do not overlie each other and diverge as x increases. Different 21 choices of the parameter values required to transform these solutions to dimensionless variables 22 would change the positions of these solutions on this plot but would not affect the predicted shape of 23 the transformed solutions, so incorrect choices of these values are not the cause of these mismatches. 24 25
It was initially assumed that the cause of these mismatches was the omission from the analytic model, 26 in its original form, of the borehole 'end-correction' and the effect of geothermal heat flow; hence, 27 the derivation of these corrections. It was indeed initially thought possible that these corrections 28 might have a larger effect the greater the subsurface cooling, and might thus act to 'draw in' additional 29 heat from the surroundings to the borehole, either below it or beyond it to the sides. However, the 30 small magnitude of these corrections (noted above), for DGSW operation over timescales relevant to 31
Figs. 4 and 8, mean that this is not the explanation. 32 33
It will be recalled that the calculations for cDGSW operation in the present study incorporate a balance 34 between heat production from the borehole heat exchanger and heat lost by conduction due to 35 cooling of the surrounding rock volume. It can also be presumed that the Law et al. (2015) Extrapolation at a constant geothermal gradient would give a temperature of ~69 °C at 2 km depth. 21
The capital cost of this DGSW installation has been funded through a £1.8M grant from the Scottish 22
Government (Geon, 2017); as a result of this public funding of capital expenditure, the heat output is 23 ineligible for RHI subsidy. Law and Collins (2017) state that a heat pump would be used in any DGSW 24 installation with a basal temperature as low as this, given the need to interface with a heating system 25 operating at ~70 °C. Preliminary documentation (Geon, 2017) depicted a closed circulation loop, 26 implying (in the terminology used in the present study) that the design is for a hcDGSW. Subsequent 27 definitive documentation (East Ayrshire, 2017) indicates that the design will allow for the possibility 28 of bleed flow, but the standard operational mode will involve closed circulation; this project will 29 therefore be analysed as a hcDGSW. The same documentation (East Ayrshire, 2017) also indicates that 30 the design includes a very wide borehole, with a diameter of 0.75 m. 31 32 The reported output, equivalent to a steady 239 kW, is well above the optimum value of 194 kW for 33 a 2 km borehole under the high geothermal gradient conditions envisaged for Fig. 7(a Figure 11 (a) indicates that if heat were to be produced from the HALO DGSW at a steady rate of 4 239 kW, the output temperature would rapidly decline from the initial 69 °C, falling to ~23 °C over 5 twenty years. Figure 11(b) depicts the economic analysis of this DGSW for a 20 year assumed lifespan. 6 The economically optimum heat production rate is surprisingly low, ~32.4 kW, despite the optimistic 7
assumptions. This value is highly sensitive to the assumed pricing structures for heat and for electricity, 8 it being evident that the modest budget surplus depicted is due to the very small difference calculated 9 between expenditure on electricity and revenue from heat sales. A less favourable pricing structure, 10 or a lower bottom hole temperature (<58.1 °C), would make operation of this DGSW uneconomic 11 relative to the option of shutting it down and using the electricity saved (by not powering its heat 12 pump) to heat buildings directly. The economics of this project are indeed hampered by the output 13 temperature being always below the assumed 70 °C input temperature of the heat load (after Collins  14 and Law, 2017), so all the heat output has to be transferred through the heat pump, ~13.6 kW of 15 electrical power being required to supplement the ~32.4 kW of heat production to produce an overall 16 output of ~46 kW of useable heat. As Fig. 11(a) shows, with such a low rate of heat production, very 17 little temperature fall occurs within the DGSW over 20 years, so in principle this project could function 18 at this very low rate for a very long time. 19 20 Figure 12 shows the equivalent outputs for a project with the same design parameters as for HALO, 21 but with the borehole diameter reduced to 0.2 m. With this narrower borehole, if heat were to be 22 produced at a steady 239 kW, the output temperature would fall more rapidly, reaching ~23 °C within 23 eighteen months and ~11 °C after twenty years. However, the economically optimum heat production 24 rate, ~29.3 kW, producing ~41.5 kW of useable heat, does not differ much compared with the wider-25 borehole design adopted. Given the lower capital cost and lower CO2 emissions from drilling, which 26 would result from this alternative narrower-borehole design, the appropriateness of the proposed 27 design is called into question. 28 29 Overall, this HALO case study provides a graphic demonstration of the need to make DGSW 30 evaluations site specific, taking account of local thermal regime and mode of operation (cf. Law et al., 31
2015; Collins and Law, 2017), the critical factor being accurate estimation of the initial bottom hole 32 temperature. Nonetheless, such calculations are much less challenging than the analysis of hydraulic 33 transport properties and groundwater contamination that would be required, from earlier discussion, 34 to quantify the output and economics of a dDGSW. (2016) as ~70 °C. It has been proposed that heat will be extracted via a heat exchanger to maintain 41 the temperature of an anaerobic digester (AD) for processing municipal waste, then the residual heat 42 (below TE ~40 °C) will be output via heat pumps for space-heating in adjacent buildings, before the 43 circulating water is reinjected. The project description mentions system design to facilitate 'bleed 44 flow', the proposal specifying the bottom 300 m of the borehole uncased; given the preceding 45 calculations it is evident that the high heat output envisaged (up to 400 kW) will only be feasible with 46 bleed flow. Moreover, since the design calls for the AD unit to operate continuously, the proposal 47 envisages continuous (or near-continuous) bleed flow to sustain its operation. 48 49
The draft budget (GEL et al., 2016) indicates a ~£1.6M capital cost, ~£1.35M for the borehole, the rest 50 for the ancillary equipment. Estimated annual operating costs would be ~£49k and annual revenue 51 based on sale of heat at £0.03 per kWh would be ~£239k. On this basis the project has been reported 1 as achieving a high net present value of ~£10.7M after 40 years with a high internal rate of return of 2 ~19%; these economic parameters, which favour commercial investment, assume that RHI subsidy 3 payments (currently £0.0514 per kWh) are included. However, this analysis does not include water 4 treatment costs on the basis that 'as the Aberdeen granite is rather deficient in heavy metals it is very 5 unlikely that any fluids from the DGSW will be the cause of significant environmental contamination 6 by heavy metals', although no quantitative data were provided to substantiate this assertion. 7 8
Nonetheless, the surface heat flow in this part of Scotland is low, being depicted on BGS maps (e.g., 9
Busby ~2.93 GWh per annum, equivalent to a constant rate of ~334 kW. This is so far above what might be 2 feasibly delivered from a cDGSW of the specified dimensions with the proposed TE that 'bleed flow' 3 will be essential, as already noted. This scenario can be analysed to first order assuming that ~100 kW 4 of this heat supply might be obtained through heat conduction (based on the preceding calculations), 5 the rest being obtained by 'bleed flow'. Setting aside the question of accurate estimation of TM, two 6 issues thus call this project into question: the required high hydraulic conductivity of the granite that 7 is presumed to provide the groundwater reservoir for this project; and the arguable need to factor in 8 treatment costs for this produced water. Assuming TM=70 °C and that all the heat is utilized down to 9 TS=10 °C, the required circulation rate including the bleed flow would be ~334 kW / (4186 kg m -3  10 1000 kg m -3  60 °C) or ~1.3 l s -1 ; ~0.9 l s -1 of this would be 'bleed flow' and the parameter  would 11 take the value ~234/100 or ~2.34. If the AD heat exchanger rejects heat below TE=40 °C then this 12 component of its heat supply will be ~334 kW  (70 °C -40 °C) / (70 °C -10 °C) or ~167 kW. Taking  13 T as 70 °C -10 °C = 60 °C, equation (22) indicates Ho ~3000 m, greater than the assumed borehole 14 depth. However, for 'head lift' to have only a minimal effect on the project budget, the drawdown 15 must be only a small proportion of this, say 5% or ~150 m. 16 17
As already noted, Law (2014) reported a high value of ~50 for the COP at a DGSW test site where the 18 produced water was reinjected. As has also already been noted, this is not necessarily so in dDGSW 19 mode; if significant 'head lift' for the produced water is necessary, the electrical energy requirement 20 might outweigh the value of the heat produced. The AECC project design evidently assumes zero or 21 minimal 'head lift', meaning that the groundwater reservoir at depth has been assumed to be under 22 hydrostatic equilibrium with the ground surface which, as already discussed, requires a very high 23 hydraulic conductivity in the granite. Negligible electrical energy would therefore be needed for 24 pumping the produced water against gravity, the cost of which is neglected in these first-order 25 calculations. It is thus inferred that most of the electrical power consumed will be used by the heat 26 pumps, whose COP, , will be much lower (say, 4). If these cool the circulating water to 10 °C the 27 additional ~167 kW heat loss will require ~167 kW  1 / ( -1) or ~56 kW of electrical power. 28 Assuming once again that the electricity used costs £0.095 per kWh, this heat pump operation will 29 cost of ~£46k per annum, indeed consuming most of the ~£49k estimated operating budget. This is 30 evidently an approximate analysis, but it implies that, per day of operation, typically, ~80 m 3 of 31 produced water (~0.9 l s -1  24 hrs) will require treatment. If this costs ~£3.80 per cubic metre (see 32 above) it will imply an additional cost of ~£300 per day or ~£110k per annum. Even with this additional 33 budget item, then provided TM is indeed ~70 °C, the project would still be predicted to make an annual 34 surplus of ~£80k (~£239k revenue  £49k operating costs  £110k water treatment costs), again with 35 the RHI subsidy included in the revenue, although the ~£1.6M budget surplus thus accumulated over 36 20 years of operation would barely cover the capital cost of the drilling. (Westaway and Younger, 2016) ; these values will 6 be adopted for the present analysis. With this value of k, and a surface temperature of ~9 °C from 7 meteorological data, the ~45 °C km -1 geothermal gradient implies ~77 mW m -2 of heat flow. Other 8 localities beyond the northern margin of the Stainmore Basin have much higher heat flow, due to heat 9 production in granite intrusions, but lower temperatures at depth due to the higher thermal 10 conductivity of the rock column (e.g., Busby et al., 2011) . The borehole cost model in use (equation 11 (30) ) gives the capital cost of a 6000 m deep borehole, reaching the base of this sedimentary 12 succession, as ~£8.6M. 13 14 It is assumed that this hcDGSW scheme will form part of a future district heating scheme for the urban 15 area of Darlington. In Denmark, such schemes often take as their input water at a temperature as low 16 as ~50 °C (DEA, 2017); they achieve satisfactory space heating using radiators rather larger than are 17 customary in the UK. Even lower input temperatures, as low as ~35 °C, are feasible if underfloor 18 heating is used (e.g., Joule, 2017), rather than radiators of any size. It is assumed that the hypothetical 19
Darlington district heating scheme will be designed on this basis, with TE=35 °C. It is also assumed that 20 heat is sold, RHI subsidy applies, and electricity purchased, all at the same rates as before. The 21 electricity purchased is again assumed to reflect the present UK generation mix and the heat output 22 is again assumed to substitute for burning natural gas. 23 24 Figure 13 illustrates results of analysis of this hcDGSW scheme, developed, costed, and operated for 25 20 years on this basis. The economically optimum operational mode ( Fig. 13(b) completion are not recouped; whereas, above 1208 kW, TO falls so low ( Fig. 13(a) ) that much of the 34 heat extraction is via the heat pump and the associated consumption of electricity is so high that the 35 emissions associated with its generation outweigh those saved by the production of geothermal heat. 36
Despite the higher geothermal gradient and bottom hole temperature, and the greater length of the 37 borehole heat exchanger, the economically optimum heat production rate of 1095 kW is not much 38 greater than for the configuration in Fig. 7(d) ), reflecting the exponential dependence on k (cf. equation (9)). Nonetheless, once again, 41 the economically optimum output scenario lies very close to the maximum output feasible, again 42 demonstrating the need for careful calculations to determine this optimum mode. This exercise 43 nonetheless demonstrates that deployment of a hcDGSW in a locality of high geothermal gradient, 44 used in an optimal manner, can produce worthwhile savings in CO2e emissions. 45 46 Conclusions 47 A critical appraisal of the DGSW concept has been presented, driven by the apparent contradiction 48 between the long-standing view (Rybach et al., 1992 ) that this technology has no potential, other than 49 for repurposing existing boreholes, and claims by commercial developers. The present simplified 50 analytical modelling, which approximates the operational state of a DGSW installation under real 51 conditions, enables some misconceptions about DGSW technology, which have emerged through 1 previous work, to be corrected. It is thus evident, first, that although a cDGSW or hcDGSW might look 2 like an enlarged version of a shallow borehole heat exchanger used for a conventional GSHP 3 installation (and the governing equations, such as equation (4) [cf. Banks, 2012] , are similar), its 4 operational principles are different: conventional GSHP installations can function sustainably, whereas 5 a cDGSW or hcDGSW is instead a form of 'heat mining'. Operation of a cDGSW will indeed not attain 6 a steady state over timescales of practical projects (i.e., timescales of decades); the associated 'heat 7 mining' will instead progressively cool an ever-widening volume of surrounding rock, although each 8 part of this rock volume will cool at ever-decreasing rates. The governing thermal physics is linear, the 9 cooling at any point on any particular timescale being proportional to the rate of heat production. 10
Second, when analysing a cDGSW one must distinguish between the heat produced (the heat that 11 reaches the surface) and useable heat output, given that a proportion of the heat production (this 12 proportion depending on the input temperature of the surface heat exchanger) will be reinjected as 13 the heat transfer fluid is circulated. Analysis of the potential of any DGSW installation thus requires 14 consideration of the site-specific combination of geological properties (such as thermal 15 conductivity/diffusivity and geothermal gradient) and mode of operation, not the geological 16
properties alone. The heat reinjected during operation of a cDGSW makes this a less favourable 17 technological variant compared with the hcDGSW, notwithstanding the lower overall COP of the latter 18 due to the electricity consumed by its heat pump. The electrical energy thus consumed will be 19 converted to heat, providing another reason why the heat output from the system (including its heat 20 pump) will differ from the heat produced from the borehole. Furthermore, the heat production from 21 DGSW boreholes is sensitive to the site-specific geological properties; DGSW design must therefore 22
consider such properties on a site-by-site basis, rather than assuming nominal values or that an 23 analysis for one site is applicable to another. Moreover, economically optimal operation of a hcDGSW 24 involves a rate of heat production that is close to the maximum that can be sustained over the lifetime 25 of a project. This means that if a project has been 'under-engineered' (i.e., its heat output capacity has 26 been overestimated, even by a small margin), the surrounding rock volume will cool so rapidly that 27 the actual lifetime of the project is significantly reduced. The environmentally optimum operational 28 mode (optimizing savings in CO2e emissions) involves heat production at a lower rate than the 29 economically optimum mode (maximizing profit). If such projects are subsidized from public funds, 30 then a particular operational mode might be specified, maybe as a compromise between these 31 optima. Additional issues also affect dDGSW or hdDGSW installations. First, the produced water might 32 well require decontamination treatment, especially if the installation is in granite, which will add 33 significantly to operating costs and might cause regulatory difficulties. Second, these DGSW variants 34 can only function in rocks of relatively high permeability and hydraulic conductivity, and the cost of 35 pumping to maintain 'head lift' can further impact upon the economics of operation. 36 37
The present analytic modelling, which approximates the operational state of a DGSW installation 38 under real conditions, indicates that the cDGSW variant has only limited potential; for 2 km deep 39 boreholes, outputs over 20 year timescales of at most ~100 kW are feasible, the value of which (under 40 current UK conditions) is unlikely to cover the capital costs. hdDGSW operation can produce higher 41 heat outputs, and can in principle be economic under current UK conditions with RHI subsidy 42 payments included in revenue, but it is debateable whether this is a justifiable technology for public 43 subsidy given its potential for environmental pollution, even after the produced water undergoes 44 treatment. Furthermore, it requires site-dependent investigations that negate the original aim of 45 providing an 'off the shelf' geothermal energy source. The hcDGSW variant, with a heat pump used to 46 supplement the heat output of a cDGSW and to lower the reinjection temperature of the circulating 47 fluid as close as possible to the ambient surface temperature (Fig. 2(b) ), is shown to have the most 48 potential. The analytical solutions have been used to develop an economic model for this variant, 49 which indicates that the optimal heat output and operating surplus increase with borehole depth to 50 the power of 1.87. This increase is faster than the corresponding increase in drilling costs, indicating 51 that optimal hcDGSW designs will involve boreholes rather deeper than the ~2 km depths considered 1 hitherto. When RHI subsidy is included, the hcDGSW variant is indeed shown to have the potential for 2 economic viability, assuming that a heat pump with the specified performance characteristics can be 3 developed. Moreover, after the timescale for RHI subsidy eligibility has expired, this infrastructure can 4 be easily repurposed for seasonal heat storage, thus offering the potential of making a significant long-5 term contribution to sustainable future heat supply. (with the deeper part of the borehole open to its surroundings) with heat production by conduction, 34 using the same notation as in Fig. 2. (a) A dDGSW, in which ground water is drawn into the borehole 35 heat exchanger at depth and discharged at the surface, potentially increasing the thermal output. This 36 variant suffers from the principal disadvantages in Fig, 2(a) , that reinjection of warm water reduces 37 the output of useful heat and warms the surroundings of the shallow part of the borehole, limiting the 38 proportion of it available for heat production. It also introduces other disadvantages, including the 39 need for relatively permeable bedrock at depth, scaling of the pipe loop due to precipitation of 40 substances dissolved in the circulating ground water, the need for treatment of the discharged water, 41 and associated regulatory issues. (b) A hdDGSW, in which a heat pump is added to the configuration 42 in (a), to supplement the useful heat output by cooling the circulating fluid to the ambient 43 temperature TS. This also increases the proportion of the borehole available for heat production. 44
However, the difficulties remain over identification of permeable bedrock and disposal of the ground 45 water that is discharged into the environment. A system of this type is proposed at the AECC (GEL et  46 al., 2016). 47 (4) and (5) for Q=50 kW at different times after the start of cDGSW 9
operation. The other model parameters are as described for Fig. 4 ; linear ((a)) and logarithmic ((b)) 10 scales for radial distance are used. Note that, for reasons discussed in the text, the calculated values 11 of r=rC at which the cooling effect reaches zero (respectively, 2. Figure 6 . Graphs of the notional project lifespan tL (calculated using equation (9) elapsed, because in the later stages of operation To is predicted to fall so low (<15.7 °C in (a), <18.2 °C 34 in (b), <20.9 °C in (c), and <27.1 °C in (d)) that  declines sufficiently for the cost of the electricity used 35 to exceed the value of the heat produced, even with RHI subsidy included. 36 37 Figure 8 . Comparison between calculations of heat production from a cDGSW calculated using 38
equations (4) and (5) below TE it is assumed that all the heat output is via the heat pump, with the heat exchanger bypassed 47 (cf. Fig. 2(b) ). Crosses mark the times when the three setups become uneconomic in the absence of 48 RHI subsidy (i.e., when the operating cost first exceeds the revenue from sale of heat). These are: for 49 TO21.8 °C (after ~17 years) for zM=2000 m; TO25.7 °C (after ~18.5 years) for zM=2500; TO29.9 °C 50 (after 20 years) for zM=3000 m; and TO38.8 °C (after ~25 years) for zM=4000 m. 51 52 53 , and =0.9 mm 2 s -1
. (b) 20 Graphs of predicted economic performance, calculated using the same operational parameters as for 21 part (a) and the same economic model as for Fig. 7 . See text for discussion. 22 23 24 25 Fig. 1 (a) Open-loop design in which hot water is produced, flows through a heat exchanger, and is then discharged into the environment circa the rejection temperature of the heat exchanger. Corresponds to the Southampton project in its original form. Requires permeable bedrock; in the UK requires regulatory approval for the discharge, which will limit future applicability.
hwDGSW Fig. 1(b) Open-loop design in which hot water is produced and flows through a heat exchanger, before being cooled further to near-ambient temperature using a heat pump, then discharged into the environment. Corresponds to the Southampton project in its present, modified, form. Requires permeable bedrock; in the UK requires regulatory approval for the discharge, which will limit future applicability. In the USA, shallow versions of this design are known as open loop groundwater heat pump systems.
cDGSW Fig. 2 (a) Closed-loop design in which water circulates through a borehole, passing through a heat exchanger at the surface, re-entering the borehole circa the rejection temperature of the heat exchanger. Subsurface heat flow to and from the borehole is by conduction only, so the design imposes no constraints on bedrock permeability. However, the reinjection above ambient temperature means that some of the heat produced contributes to heating the bedrock at shallow depths, limiting the usefulness of this design (and favouring the hcDGSW variant, discussed below, instead). I am not aware of any deep geothermal project that uses this variant, although it has featured in desk studies (e.g., by Law et al., 2015).
hcDGSW Fig. 2 (b) Closed-loop design in which water circulates through a borehole, passing through a heat exchanger then a heat pump at the surface, re-entering the borehole near ambient temperature. The surface heat exchanger is bypassed if the produced water is below its reject temperature. Subsurface heat flow to and from the borehole is by conduction only, so the design imposes no constraints on bedrock permeability. I am not aware of any deep geothermal project that uses this variant, which is investigated in detail in the present study given its future potential. Excluding the surface heat exchanger, this design is equivalent to an upscaled (deep geothermal) version of what is known in the UK a ground source heat pump system and in the USA a closed loop ground coupled heat pump system. dDGSW Fig. 3 (a) Open-loop design in which water circulates through a borehole, passing through a heat exchanger at the surface, re-entering the borehole circa the rejection temperature of the heat exchanger, supplemented by flow bled from groundwater then discharged into the environment. Requires permeable bedrock; in the UK requires regulatory approval for the discharge, which will limit future applicability. I am not aware of any deep geothermal project that uses this variant, although it has featured in desk studies (e.g., by Law et al., 2015).
hdDGSW Fig. 3 (b) Open-loop design in which water circulates through a borehole, passing through a heat exchanger then a heat pump at the surface, re-entering the borehole near ambient temperature, supplemented by flow bled from groundwater then discharged into the environment. The surface heat exchanger is bypassed if the produced water is below its reject temperature. Requires permeable bedrock; in the UK requires regulatory approval for the discharge, which will limit future applicability. I am not aware of any deep geothermal project that uses this variant, although it has featured in desk studies (e.g., by GEL et al., 2016 
